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ABBREVIATIONS 
APC antigen-presenting cell 

delayed-type hypersensitivity . pcR 
experimental autoimmune encephalomyelitis PHA 
myelin basic protein 

major histocompatibility complex XcR 



DTH 
EAE 
MB? 
MHC 



multiple sclerosis 
polymerase chain reaction 
phytohemagglutinin 
rheumatoid arthritis 
T-cell receptor 



INTRODUCTION 



Pachogenic autoreactive T cells are viewed as pathogens 
in the induction of T-cell-mediated experimental auto- 
immune diseases. When rendered avirulent. they can be 
used as vaccines to prevent and treat the diseases in 
analogy with traditional microbial vaccination against in- 
fectious agents [1]. Administration of autoreactive T 
cells as vaccines induces or augments the regulatory net- 
works specifically to suppress the eliciting autoreactive 
.T, - cells. -On one -hand; T-Ceil vaccination provides a 
unique tool to study in vivo network regulation poten- 
tially operative in the normal immune system to control 
autoreactive T cells. Studies in this regard are beginning 
to proyide_new lasights into the mechanisms by which 
autoreactive T cells are regulated in health and an aber- 
rant regulation that may underlie autoimmune process 
On the other hand, T-cell vaccination provides a poten- 
tial therapeutic option for human autoimmune patholo- 
gies to target and deplete autoreactive T cells involved 
in the diseases' pathogeneses. Preliminary indications 
from these clinical studies have generated great enthusi- 
asm that T-cell vaccination or T-cell receptor (TcR) pep- 
tide vaccination may be useful in treatment of certain 
human autoimmune diseases, such as multiple sclerosis 
(MS) and rheumatoid arthritis (RA). 
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In this report, recent advances regarding the mecha- 
nism of T-cell vaccination are summarized with recent 
data from our laboratory to integrate current informa- 
tion on Its clinical applications in human autoimmune 
diseases. 

PATHOLOGIC ROLE OF AUTOREACTIVE 
T CELLS IN AUTOIMMUNE PATHOGENESIS 
Not all autoreactive T cells are.deleted in the thymus 
m contradiction with the clonal selection paradigm f2l' 
Those T ceUs with the receptors for a broad spectrum 
ot self-antigens represent part of the normal T-cellreper- 
toire and naturally circulate in the periphery [3] It re- 
mains unresolved why autoreactive T cells are allowed 
during their evolution, to undergo differentiation in the 
thymus and are accommodated in the periphery While 
their physiologic role is not understood, these autoreac- 
tive TceUs, when activated, present a potential risk in 
the induction of autoimmune pathologies. Autoreactive 
T cells can be isolated from normal individuals without 
the consequences of autoimmune diseases. It has been 
est^bhshed that antigen recognition of autoreactivity by 
Itself is not sufficient to mediate the autodestructive 
process. One of the prerequisites for autoreactive T cells 
to be pathogenic is that they must be activated as evi- 

(EAE). EAE can be induced actively in susceptible ani- 
mals by injecting myelin basic protein (MBP) emulsified 
m an adjuvant or passively by injecting MBP-reactive 
, ry^^'J? ''"'^^'^ ^'^'^ MBP-sensitized ani- 

mals [41 When activated in vitro, very small nuinbers 
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of MBP-reactive T cells are required to induce EAE, 
while 100-foid more resting T cells with the same reactiv- 
ity are incapable of mediating the disease. There are a 
number of potential mechanisms by which circulating 
autoreactive T cells are accidentally activated and un- 
dergo clonal expansion. In addition to antigenic stimula- 
tion, autoreactive T ceils may be activated through sev- 
eral pathways that are potentially associated with viral 
or bacteriaJ antigens. 

One of the mechanisms involves superantigens that 
mteract with TcR gene products and the major histo- 
compatibility complex (MHC) class II molecules in an 
unconventional manner to activate large portions of the 
T-cell repertoire. Autoreactive T cells bearing certain 
TcR products can be selectively activated by bacterial 
superantigens during the course of a bacterial infection, 
offering an explanation for oligoclonal expansion of 
autoreactive T cells compartmentalized in the affected 
organs in both RA and MS [5-7]. Recent data from our 
laboratory indicate that a number of bacterial superanti- 
gens are capable of activating human T-cell clones reac- 
tive to MBP, a presumed aucoantigen in MS, dependent 
on their TcR gene usage. Other proposed mecha- 
nisms include molecular mimicry in which a bacterial 
or viral antigen sharing molecular homology with an 
autoanrigen provokes immune responses against self- 
- -tissue [8]. , — - . 

However, not all activated autoreactive T cells will 
necessarily undergo clonal expansion to a certain extent 
that may lead to autodestrucrive responses. This process 
is normally controlled by regulatory systems that govern 
and prevent clonal expansion of activated autoreactive 
T cells in the periphery. There is evidence indicating 
that such regulatory networks are operating in vivo. An 
aberrant regulation is postulated to lead to clonal expan- 
sion of autoreactive T cells and a destructive autoim- 
mune process, a common pathologic feature shared by 
autoimmune diseases [9]. 

A recent example is illustrated in MS, an inflammatory 
disease of the central nervous system. The disease is 
pathologically characterized by focaJ infiltration of T 
cells and macrophages into the brain, followed by demy- 
elination. The T-cell responses to MBP are predomi-. 
nandy directed at a few immunodominant regions of 
MBP and these MBP-specific T cells occur at a relatively 
low frequency in peripheral blood of patients with MS 
and healthy individuals [10]. The-finding by itself may 
not coincide with current hypothesis in which the in- 
flammation in the MS brain is postulated to involve, at 
least in a primary stage, the T-cell responses to MBP. 
However, when further examined for their activation 
state by interieukin-2 stimulation, a quite different pat- 
tern emerged, suggesting these MBP-reactive T cells 
have undergone an activation process in vivo in patients 



with MS, as opposed to normal individuals. The activated 
MBP-reactive T cells account for even higher propor- 
tions of T cells residing within the brain compartment, 
indicative of a specific accumulation of the autoreactive 
T cells in the affected organ [11]. The activation and 
clonal expansion of autoreactive T cells in MS are in 
accordance with recent studies that demonstrate the oli- 
goclonal nature of T cells confined to cerebrospinal fluid 
in MS patients [6]. Oksenberg eral. [12] recentiy pro- 
vided further evidence suggesting that MBP-reactive T 
ceils accumulated within the MS lesions have undergone 
a clonal expansion, as demonstrated by limited motifs 
within the TcR Vj8 CDR3 region (the third complemen- 
tary determining region) of the T cells derived from 
the lesions. These findings have provided an important 
rationale for setting up clinical trials in MS, using T-cell 
vaccination or a TcR peptide corresponding to a target 
sequence in the TcR. 



IN VIVO IMMUNE REGULATION OF 
AUTOREACTIVE T CELLS 

A number of mechanisms are operative in vivo, to regu- 
late autoreactive T cells through processes that are 
largely not understood. Such mechanisms may involve 
, T-cell .clonal anergy,^\yhich, causes autoreactive T cells 
to be unresponsive and due to inappropriate antigen 
presentation and a signaling defect in the T-cell activa- 
tion pathways, tolerant to an antigenic stimulation. It 
has been shown that human MBP-reactive T cells are 
ariergized upon eficbuntering free MBP peptides with- 
out professional antigen-presenting cells (APCs) [13]. 
Another important regulatory mechanism involves clo- 
notypic networks that regulate autoreactive T-cell clones 
by interacting with their clonotypes. Hypervariable de- 
terminants within the TcR variable regions, including 
the junctional regions of both a and /3 , chains, constitute 
the clonotype that uniquely marks an individual autore- 
active T-cell clone and is recognizable by its regulators. 
Thus, autoreactive T cells are regulated at a clonal basis 
to ensure the "fine-tuning" of the regulatory system in 
order to ignore unrelated T cells. On the other hand, 
immune responses to the framework regions generally 
conserved among T cells are tolerant during the evolu- 
tion of the immune system, since their sequences are 
germiine encoded. 

There is increasing evidence that the clonotj'pic regu- 
latory network plays a central role in controlling autore- 
active T cells. Clonal activation and expansion of autore- 
active T cells signals the network to suppress activated 
autoreactive T ceUs, a specific event that spares other 
unrelated T cells in the immune system. This regulatory 
network preexists as part of the normal T-cell repertoire 
and has been shown to regulate autoreactive T cells 
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naturally [14]. The mechanisms regarding the signaling 
. molecules on target T cells that elicit the clonotypic 
interactions are still not understood, but are thought to 
■ involve both CDR2 and CDR3 hypervariable regions 
of the TcR chain. This is strongly supported by 
recent observations that immunization with a peptide 
corresponding to the CDR2 region of encephalitogenic 
T cells in experimental animals results in procection 
against EAE [15, 16]. A similar regulatory mechanism 
has been proposed to control MBP autoreactive T ceils 
in humans [17]. 

Many autoimmune diseases are thought to result from 
an unregulated expansion of pathogenic autoreactive T 
cells. An improper function of the network may lead to 
an aberrant regulation that may in turn be responsible 
for activation and hyperactivity of autoreactive T cells. 
Thus, it is important to identify a potential signaling 
defect(s) within the regulatory system in autoimmune 
diseases so that a therapeutic approach may be devel- 
oped to correct the error and upregulate the system. 
The following sections are devoted to discussion of the 
recent experimental evidence in this regard and related 
issues emerging.from recent clinical trials of T-cell vacci- 
nation in MS and RA. 



CLONOTYPIC REGULATION 
BY T-CELL VACCINATION 

• Pioneering work bylrun Cohen and .coworkers has' 

shown that T-cell vaccination induces clonotypic net- 
work interactions to produce therapeutic effects in pre- 
venting and treating experimental autoimmune diseases. 
It was first studied in EAE in Lewis rats and later in 
other experimental autoimmune diseases models, in- 
cluding adjuvant arthritis and autoimmune thyroiditis 
[1, 18, 19]. Pathogenic autoreactive T cells, capable of 
inducing an autoimmune disease, can be rendered aviru- 
lent by attenuation and can be administered as vaccines 
to prevent subsequent induction of the disease. These 
studies have established that vaccine T cells must be 
activated and attenuated, the two prerequisites for vac- 
cine T cells to be effecnve in T-cell vaccination. The 
methodologies used to attenuate vaccine T cells vary 
from irradiation to pressure treatment and chemical 
cross-linking. Despite some discrepancies in the effi- 
ciency, all of these methods seem to be effective in 
inducing a protective response. 

The disease resistance induced by T-cell vaccination 
is long-lasting and can be adoptively ..transferred to a 
naive receipierit by regulatory T cells of both CD4 and 
CDS phenotypes reactive to the immunizing T cells [20]. 
At least two types of regulatory T cells have been identi- 
fied so far to contribute to the disease resistance. Anti- 
clonotypic T cells, as the. major regulators, recognize 



the clonotypes of the target TcR. The protection induced 
by T-cell vaccination is potentially mediated through 
direct killing of the target T cells by anti-idiotypic T 
cells, or through other inhibitory mechanisms [20]. It 
has been suggested, however, that the TcR may not be 
the only protective element to modulate autoreactive T 
cells. Other regulatory T cells are also important, in 
concert with the anti-idiotypic response, in suppressing 
autoreactive T cells by interacting with cellular markers 
other than the TcR clonotypes. One example is the regu- 
latory T cells identified as "anti-ergotypic T cells," which 
respond not to the TcR but to a marker of their state 
of activation. These anti-ergotypic T cells are shown to 
contribute partially to the disease resistance induced by 
T-cell vaccination [21]. 

It is reasonable to propose that T-cell vaccination may 
act through the same regulatory pathways preexisting 
and naturally operating in the periphery. In the normal 
immune system, the regulatory mechanisms, including 
the clonotypic networks, may be developed to accom- 
modate and regulate a limited amount of circulating au- 
toreactive T cells within a physiologic threshold, which 
may not be able to cope with an acute pathologic dose 
of autoreactive T cells typically used to induce EAE. By 
the same token, preinocuJation with attenuated encepha- 
litogenic T cells upregulates and directs the networks 
toward an active mode capable of suppressing subse- 
quent administration of encephalitogenic T cells to pre- •• 
vent the disease. 

The mechanism potentially underlying T-cell vaccina- 
tion is not completely understood. It is inconclusive as 
to the molecular identity of the target epitopes within 
the TcR recognized by the anticlonorypic T cells. Experi- 
mental evidence accumulated to date from animal exper- 
imentation indicates that the anti-idiotypic T cells recog- 
nize the clonotypic structure within the TcR, most likely 
within the immunogenic regions, including the CDR2 
and the CDR3 regions. However, it is deduced indirectly 
from a series of experiments indicating that anti-idioty- 
pic T cells respond to the immunizing T cells with a 
given antigen specificity and pathogenic T cells only pro- 
tect the disease that they are able to induce. For example 
vaccination with MBP-specific T cells only prevents the 
induction of EAE but does not protect adjuvant arthritis 
that is mediated by T cells reactive to Mycobacterium 
tuberculosis, and vice versa. However, the data do not 
necessarily identify the target sequence responsible for 
triggering the specific anti-idiotypic response. 
- -Recent evidence from the TcR peptide vaccination 
provides some indications for the involvement of the 
CDR2 and CDR3 (V-D-J junctional) regions of the • 
TcR Cham in eliciting the.anticlonotypic response. 
Vandenbark and Howell and coworkers [15,16] demon- 
strated successful prevention of EAE by inoculating 
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Lewis rats and mice with a peptide corresponding to the^ 
■ CDR2 region of the target TcR. The anti-idiotypic 
cells isolated from the vaccinated animals are capable of 
conferring protection to the syngeneic naive recipients 
by adoptive transfer. These observations support the 
view. that the clonotypic epitopes are immunodominant 
regions that elicit anticlonotypic T-cell responses in T- 
cell vaccination. However, it is-unlikely that the anticlo- 
notypic T-cell recognition of the CDR2 peptide alone 
accounts for the protective effect seen in T-cell vaccina- 
tion. This is supported by the observations that a higher 
dose of the CDR2 peptide is required to achieve the 
protection against EAE and that only activated T cells 
are effective in T-cell vaccination. 

Therefore, other mechanisms are likely involved in 
contributing to effective protection. These mechanisms 
are potentially associated with the functional and cellular 
characteristics of the vaccine T cells, such as their activa- 
tion markers and cytokine profile, which are only avail- 
able in vaccine T-cell preparation. In addition to T-ceil 
activation markers involved in triggering anti-ergotypic 
responses, the role of cytokine production of the vaccine 
clones has been proposed recently by W. Van Eden and 
coworkers (personal communication). They observed 
that an arthritogenic T-cell clone (A2b) capable of induc- 
ing adjuvant arthritis differs only in its cytokine profile 
from ■ a "syrigeheic protective T-ceil clone ■(A2c)" and' 
shared the same antigen reactivity and sequence homol- 
ogy within the TcR variable regions. Furthermore, Saru- 
ham-Direskeneli and coworkers [17] reported recently 
.that anticIonotypic -T cells can be isolated by in vitro 
stimulation of T cells with synthetic peptides of both 
CDR2 and CDR3 regions of an MBP-specific T-cell 
clone [17]. These anticlonotypic T-ceU lines express the 
CD4 phenotype and are cytotoxic against the MBP- 
specific T-cell clone bearing the target CDR2 and CDR3. 
regions. Again, these data support but do not necessarily 
provide direct evidence as to whether and how the 
CDR2 and CDR3 regions, in their assembled form on 
the target cell surface, .are recognized by anticlonotypic 
T cells. 



TARGETING OF AUTOREACTIVE T CELLS 
AS AN IMMUNOTHERAPEUTIC APPROACH 
FOR HUMAN AUTOIMMUNE DISEASES 
■ To develop a specific immunotherapy for autoimmune 
diseases in general, the mechanism underlying the patho- 
genesis of the disease regarding the pathogenic autoanti- 
gen and autoreactive T cells that mediate the autoim.- 
mune process leading to the diseases' pathogenesis 
should be defined. Thus, an immunotherapy to target 
and eliminate these pathogenic T cells can be designed. 



These studies are largely guided by experimental animal 
models. The subunit of the T cells that distinguishes the 
pathogenic T cell from unrelated T cells is the TcR. The 
TcR seems to be the most appropriate target structure 
in designing an effective and specific imjnunotherapy. 
To be successful, an obvious requirement for targeting 
of the TcR is that the pathogenic T-cell population must 
be homogeneous regarding the restricted TcR repertoire 
for recognizing autoantigens in question. This condition 
seems to be met in EAE, where encephalitogenic MBP- 
reactive T cells are restricted to very limited epitopes 
on MBP and the TcR V/3 gene segments in the induction 
of the disease, in Lewis rats and PL/J mice [22-24]. 
These restrictions in the diversity of the pathogenic T- 
cell responses permit specific immune intervention. Var- 
ious therapeutic strategies have been designed accord- 
ingly to target the TcR by monoclonal antibodies to the 
V/3 gene product, preferentially used by encephalito- 
genic T cells and by vaccination with a peptide matching 
the CDR2 region of the responsible V /S gene. These 
studies have shown remarkable success in preventing the 
development of EAE in sensitized animals [16, 17, 24]. 

Some of these studies have even been, extended to 
human autoimmune diseases. For instance, a peptide 
corresponding to TcR V)8 5.2 is being used in a clinical 
trial to treat patients with MS and a V)3 14 peptide is - 
being used to vaccinate patients with RA. The cHnical 
trials are based upon the authors' experiments, sug- 
gesting that a single or limited TcR V/3 gene is preferen- 
tially used by MBP-specific T cells in MS [25] and the 
oligoclonal T cells derived from synovial fluid of RA 
[7], However, in the case of MS, our study and a number 
of other independent studies published and to be pub- 
hshed do not support a preferential use of TcR V/3 5.2 
or V/3 6.1 among MBP-specific T-cell clones isolated 
from patients with MS [25-27]. Rather, MBP autoreac- 
tive T-cell clones showed a heterogeneous pattern of 
the TcR V/3 gene usage that is relatively restricted in 
mdividuals. Thus, it would significantly impair the feasi- 
bility of using such an approach to eliminate pathogenic 
autoreactive T cells therapeutically. 

. In addition to a heterogeneous TcR V/3 gene usage 
among MBP-react>ive t cells, there is no clear evidence 
for a pathogenic epitope directly associated with the 
autoimmune process in most autoimmune diseases stud- 
ied to date. Returning to MS as an example, T-cell reac- 
tivity to the two inimunodominant epitopes, the 84—104 
and the 143-168 regions, dominates the responses to 
MBP. The preferential'T-cell recognition of an immuno- 
dominant epitope(s) varies among individuals, irrespec- 
tive of the presence of the disease (reviewed in Zhang 
et aL [28]). These findings would argue against a direct 
role of T-cell responses to the MBP epitopes. Rather, it 
IS indicative of their immunodominant nature in human 
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responses to MBP. The complexity is further increased 
by the undefined autoimmune process responsible for 
the diseases' pathogenesis in humans, which iseot neces- 
sarily comparable with the underlying disease process 
in EAE. For example, both RA and MS are chronic 
relapsing diseases whose clinical courses differ substan- 
tially from most experimentally induced animal models. 
This is illustrated among others by an inconstant cellular 
dominance of heterogeneous effectors at the lesion sites 
during different disease stages. Autoreactive t cells are 
thought to play a central role in the early lesibns, which 
may be taken over, in more chronic lesions, by inflam- 
matory cells recruited during the secondary events. 
Hence, in most cases, it is not necessarHy clear which 
element(s) of autoreactive T cells should be targeted and 
when they should be targeted to produce clinical ben- 
efits. , _ ' 

In this regard, without knowledge of a clearly distin- 
guishing cellular marker of disease-related autoreactive 
T cells, a specific immunotherapy may take "advantage 
of T-cell vaccination, which uses all of thsKpathogenic 
autoreactive T cells and a natural regulatory pathway 
specifically to regulate pathogenic autoreactive T cells. 
In this case, the immune system is upregulated to define 
a relevant target epitope(s) within the TcR and additional 
cellular markers, in their naturally assembled form, to 
achieve an adequate regulatory response. 



PRELIMINARY INDICATIONS OF CURJRjENT 
CLINICAL TRIALS OF T-CELL VACCINATION 
The successful demonstration of T-cell vaccinarion in 
the treatment of organ-specific autoimmune diseases in 
animal experimentation has led to great enthusiasm that 
human autoimmune diseases may be amenable to treat- 
ment in a similar fashion. ■ („ - 

An initial clinical trial by Hafler and coworkers [29] 
was carried out in four patients with MS. Patients were 
inoculated with formaldehyde-fixed autologous T-celi 
clones isolated by phytohemagglutinin (PHA) srimula- 
tion from cerebrospinal fluid. The T-cell clones used for 
vaccination were chosen based upon their phenotype 
(CD4-f ), growth characteristics, and the expression of 
dominant rearranged TcR genes that represent' the oli- 
goclonal T cells harbored in the brain compartrfient. The 
study revealed some interesting immunologic findings 
regarding a general inhibition of T-cell stimulation vii 
CD2 pathway and increases in autologous mixed-lym-' 
phocyte resporises after vaccination. Because theantigen' 
specificity of these T cells was undefined at the time, it 
was unclear whether inoculation with the cerebrospinal 
fiuid-denved T cells downregulated a related autoreac- 
tive T-cell population. Two other observations "related 



to similar attempts in RA were reported by Van Laar 
and his associates [30]. In one case, synovial T cells 
derived from patients with RA were used, based on 
the assumption that the cell preparation might contain 
pathogenic T cells activated by a putative autoantigea(s) 
within the synovial compartment. The inoculates were 
polyclonally activated and expanded, in the absence of 
accessory cells, by an immobilized anti-CD3 antibody. 
Attenuated T cells, 50 x 10^ were injected subcutane- 
ously into a group of 13 patients. In another case, T- 
cell Hues reactive to nickel were used for vaccination. in 
nickel-sensitized donors to assess immunologic re- 
sponses to the inoculates (personal communication). In 
both cases, however, no significant immunologic re- 
sponses were observed, as opposed to the prevaccination 
values, with respect to T-cell response to the inoculates 
and delayed-type hypersensitivity (DTH) reaction. In a 
separate in vitro study, the same authors demonstrated 
T-cell response to activated synovial T cells reactive with 
Mycobacterium in an unvaccinated parient with RA [31]. 

On the basis of the potential pathologic role of MBP- 
specific T cells in the pathogenesis of MS, and especially 
encouraged by the successful treatment of EAE by T- 
cell vaccination, we recently vaccinated a group of sue 
MS patients with irradiated MBP-specific T-cell clones. 
The T-cell clones were selected based upon their reactiv- 
ity to the rwo immunodominant regions of human MBP, 
which doiminate4.T-cell responses to MBP in these indi'. - 
viduals. Other supporting evidence for selecting T-cell 
clones with this peptide reactivity comes from a study 
demonstrating that MBP-reactive T cells isolated from 
cerebrospinal fluid of MS parients display the same pep- 
tide reactivity to the two immunodominant epitopes as 
the T-cell clones derived from peripheral blood [11]. 

Our data obtained from current clinical trials provide 
the first experimental evidence that inoculation with irra- 
diated MBP-reactive T-cell clones induces a proliferative 
response to the vaccine clones. This response is accom- 
panied by a marginal reactivity to the nonspecific autolo- 
gous T ceUs generated by PHA. Another important ob- 
servation of our study is the progressive dechne and an 
eventual depletion of circulating MBP-specific T cells, 
which corresponds reciprocally with the proliferative 
response to the vaccine clones, as illustrated in Fig. 1. 
The results suggest that the depletion of circulating 
MBP-specific T ceUs is induced by T-cell vaccination and 
is an antigen-dependent event [32]. Figure2 outhnes the 
protocol and schemes that we used, which differ in many 
technical details from the previous chnical trials. The 
procedure used in our study seems to be effective in 
the induction of a specific immunologic response to the 
immunizing T-cell clones that specifically depletes circu- 
lating MBP-reactive T cells in patients with MS. 

The anciclonotypic T-cell lines and clones of both 
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FIGURE 1 The proliferative T-cell responses to the vaccine 
-clones and changes-in -the estimated frequency of cifculating' 
MBP-reactive T cells in six patients with MS, before and after 
each inoculation. The responses to the vaccine clones were 
determined in proliferation assays, following the schemes illus- 
/nn^^A" ^' '^^'"^^ peripheral blood mononuclear cells 
(PBMCsl.were cultured, with irradiated vaccine clones; The' 
proliferative responses were calculated as stimulation indices 
(proliferation of PBMCs in the- presence of vaccine clones per 
Che sum of spontaneous proliferation of PBMCs alone and 
residual proliferation of irradiated vaccine clones). Data are 
given as mean stimulation indices of seven assays after each 
inoculation. The frequency of MBP-reactive T cells was esti- 
mated according to the method described in Zhang et al. [10] 
The frequency before vaccination is indicated on the iines 
which ranges from 5.8 x 10"' to 11.8 X 10"'^ in these pa- 
tients. 



CD4 and CDS pher>otypes generated from recipient pa- 
tients display a specific clonotypic recognition of the 
clones used for vaccination. The CD8+ anticlonotypic 
T-cell clones are capable of lysing the vaccine clones in 
an MHC class-I-restricted manner. Our current experi- 
ments on defining the target elements recognized by the 
aritidonotypic t cells suggest at least two recognition 
patterns. One potentially involves the V-D-J junctional 
region of the ^ chain or the V-J region of the « chain, 
as indicated by the recognition of anticlonot^'pic T ceils' 
to a target TcR sequence uniquely expressed on the 
immunizing T cells. The anticloriotypic T-cell clones of 
this recognition pattern responded specifically to the 
immunizing MBP-specific T-cell clone but not to a total 



of 18 other autologous and allogeneic MBP-specific T- 
cell clones, not used for vaccination, with defined pep- 
tide reactivity and TcR V gene usage. The other pattern 
relates to a clonotypic marker relatively conserved 
within the Va region among autologous T cells. They 
are ch'ajractenzed li)y' the feactivity, in addlition to the 
immunizing T-cell clones, to other MBP-specific T cells 
bearing the same or related Va gene products. Our 
polymerase chain reactioh (PGR) analysis of peripheral 
lymphocytes collected, at different time points before 
and after each vaccination revealed a depletion of T cells 
bearing the same or related Va products as the vaccine 
clones. The anticlonotypic T cells with both recognition 
patterns are effective in depleting the immunizing T 
cells, as evidenced by complete elimination of circulating 
MBP-reactive T cells in all six recipients. However, one 
potential drawback to the second pattern of clonotypic 
reguladon is the limited specificity for target MBP-reac- 
tive T cells, as the clonotypic responses may also be 
directed at other T cells bearing the same clonotypes, 
regardless of their antigen specificity. Figure 3 illustrates 
the potential involvement of the antigenic regions within 
the TcR as recognition signals to elicit the anticlonotypic 
T cells. 



CONSIDERATIONS FOR FUTURJE 
CLINICAL STUDIES- 

The preliminary clinical trials studied to date indicate 
that T-cell vaccination is technically feasible and causes 
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FIGyRE 2 Schematic illustration of the technical procedure 
and immunization scheme used in the clinical trial. 



no toxic or untoward side effects in humans. It seems 
plausible, from our experience in the MS clinical trials. 
CO target and deplete a population of autoreactive T celli 
involved in the autoimmune process. Since all. of these 
pha::f - 1 studies were not designed to evaluate the cUnical 
efficacy in both MS and RA, it was not at aU clear whether 
T-cell vaccination in these cases is clinically beneficial. 
Although no clear remission is observed, preliminary 
indicaaons suggest some clinical improvement as to re- 
duced disease scores in the very small numbers of recipi- 
ents m the RA trial and our MS trial. Autoimmune 
mechanisms are highly complex, however, and involve 
- heterogeneous effector i:ell populations at different ' 
stages of the disease process. For example, in MS acti- 
vated MBP-specific T cells are thought to be involved 
in the miaation of autoimmune process in the brain 
Which subsequently recruits other inflammatory cells' 
such-as yS T cells and macrophages, partially by produc- 



ing inflairimatory cytokines. Thus, demyelination is me- 
diated by these inflammatory cells and cytokines in the 
secondary events in which MBP-specific T cells may 
iiot necessarily play a direct role. If the exacerbation of 
chronic progressive MS is not directly mediated by MBP 
autoreactive T cells, T-celi vaccination may not improve 
the clinical course of the disease, since the responses 
are unlikely to dispose of the inflammatory cells accumu- 
lated at the lesions and unlikely to reverse the myelin 
damage. This may explain the lack of significant chnical 
improvement regarding the disease score and magnetic 
resonance imaging of the brain lesions in the chronic 
progressive patients in our vaccination study. Therefore 
in order to produce chnical benefits, T-cell vaccinatioti 
may need to be applied at an earher stage of the disease 
when pathogenic T cells dominate initial inflammatory 
^processes. -Under these considerations, our second- 
phase study is designed to evaluate the clinical aspects 
of T-cell vaccination, aiming at patients with reniit- 
tmg-relapsing characteristics and with acute brain le- 
sions. 

Several issues need to be addressed as we apply this 
approach in future chnical trials regarding the mode of 
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FIGURE 3 The TcR gene organization and 
the specific sites encoding the variable and junc- 
tional regions within the target TcR potentially 
eliciting the anticlonotypic T-cell responses. 
Recognition of anti-idiotypic T cells to the junc- 
tional regions of the target TcR elicits a specific 
depletion/inhibition of the immunizing T-cell 
clone. Anticlonotypic T cells with the recogni- 
tion pattern to a "cross-reactive" donotype 
within the variable regions of the a chain and 
j8 chain may deplete/inhibit, in addition to the 
immunizing clone, other T-cell clones sharing 
the same clonotype. 



attenuation, immunization scheme, route of injection, 
and an optimal system to measure immunologic re- 
sponses. First, the selection of autoreactive T-cell clones 
has.an.obvious importance in focusing the immune attack 
on pathogenic T cells to spare unrelated T cells. Ideally, • 
the T-cell clones seleaed for vaccination should carry*, 
an idiotypic or donotypic epitope(s) characteristic of 
targeted autoreactive T cells. The target idiotypic defer- ' 
minants are characteristically reflected by the reactivity ^ 
of autoreactive T cells to a pathogenic or immunodomi- 
nant epitope(s) of a given autoancigen. In MS, for exam- 
ple, T-cell clones reactive with the two immunodomi- . 
nant regions are relevant targets since they carry the 
idiotypic epitopes that dominate autoreactive T-cell re- ' 
sponses to MBP. In cases where pathogenic autoreactive 
T cells use a single or a limited TcR V gene(s), T cells 
bearing this preferentially used V gene product(s) may 
be selected for vaccination. This may result, however, 
in depletion of a subset of T cells expressing the target 
V gene product(s) shared by other T cells. 

In addition to the selection of relevant vaccine clones, 
the way that the T cells are activated may also affect 
their effectiveness in T-cell vaccination. Activation of ■ 
vaccine T cells by both antigenic and mitogenic stimula- 
tion in the presence of antigen-presenting/accessory 
cells has been shown to induce effectively the protective 
response in vaccinated animals. The accessory cells seem 



to deliver additional signals required to equip the vaccine 
T cells fully to be effective. This is suggested by the 
inability of vaccine T cells activated with interleukin 2 
alone. in the absence' of accessory cells, to iridiice the 
protective effect (Irun Cohen, personal communica- 
tion). Furthermore, the immunization scheme presents 
another important factor in determining the effective- 
ness of the vaccination. T-cell vaccination follows the 
s£lme boosting principle as microbial vaccination to en- 
hance an effective response. Our experience with T-cell 
vaccination with irradiated MBP-specific T-cell clones 
suggests the essential requirement of multiple inocula- 
tions (at least two inoculations) in order to achieve a 
substantial anticlonotypic response. 

The mode of attenuation may influence the immuno- 
genicity of the vaccine clone in eliciting the anticlono- 
typic response. The successful induction of anticlono- 
typic response by using irradiated MBP-specific T cells 
fscyors our view that while irradiation effectively attenu- 
. ates T cells,, it. preserves major physiologic features of 
the cell surface markers, most importantly the TcR mole- 
cales, and the membrane stability. These features are 
important to render vaccine T cells recognizable in the 
same manner as they are seen by the immune system in 
vivo. GhemicaJ fixation with formaldehyde or related 
methods alters the cell membrane, however, and proba- 
bly gives rise to unpredictable structural changes, di- 
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rectly or indirectly affecting the way chat the TcR mole- 
cules are recognized. The induced cell surface- changes 
necessarily enhance the desired immunogen- 

Finally, we remain hopeful that MBP-specific T-cell 
clones isolated from the peripheral blood as well as cere- 
brospinal fluid of MS may display a limited motif within 
the V-D-J junctional region of the /3 chain, as suggested 
by Oksenberg et al. [12]. Further clarification of the 
target sequences recognized by anticlonorvpic T cells 
may use the advantages of TcR peptide vaccination to 
design a peptide corresponding to a predominant CDR3 
sequence motif characteristic for pathogenic autoreac- 
tive T cells. 

In conclusion, what we are learning from T-cell vacci- 
nation promises to shape our view of immune regulation 
both in health and in disease. Its therapeutic application 
in human autoimmune diseases will provide an alterna- 
tive to the final treatment. 



REFERENCES 

1. Ben-Nun A, Wekerle H, Cohen IR: Vaccination against 
autoimmune encephalomyelitis with T lymphocyte line 
cells reactive against myelin basic protein. Nature 
292:60, 1981. 

2. Jerne NK: Clonal..selection in a lymphoeyte-networkv-In - 
Edelman GM (ed): Cellular Selection and Regulation in 
Che Immune Response. New York. Raven. 1974, p 39. 

3. Cohen IR: The cognitive principle challenges clonal selec- 
tion. Immunol Today 13:441, 1992. 

4. BenNun A, Wekerle H, Cohen IR: The rapid isolation 
of donable antigen-specific T lymphocyte lines capable of 
mediating autoimmune encephaiomyelitis..Eur J:Immunol 
11:195, 1981. 

5. Drake CG, Kotzin BL: Superantigen: biology, immunol- 
ogy, and potential role m disease. J Clin Immunol 
12:149, 1992. 

6. Lee SJ, Wucherpfennig K, Brod SA, Benjamin D Weiner 
H Hafler D: Common T cell receptor usage in oligodonal 
T lymphocytes derived from cerebrospinal.fluid and blood 
of patients with multiple sclerosis. Ann Neurol 29:33, 

■ ^""''^^ KA, Esry A, Winters 

ST. Carlo DJ, Brostoff SW: Limited T cell receptor B 
chain heterogeneity among interleukin 2 receptor positive 
synovial Tcellssuggescs a role forsuperantigen in rheuma- 
toid arthritis. Proc Nad Acad Sci USA 88:10921, 1991 

8. Jahnke U, Ficher EH, Alvord EC: Sequence homology 
between certain viral proteins and proteins related to en- 
cephalomyelKis and neuritis. Science 229:282, 1985. 

9. Deodhar S: Autoinimune diseases: overview and current 
concepts of pathogenesis. Clin Biochem 25:181, 1992. 



10. Zhang JW, Medaer R, Hashim Q, Ying C, van den Berg- 
Loonen E, RausJ: Myelin basic protein-specific T lympho- 
cytes in mulaple sclerosis and controls:- precursor fre- 
quency, fine specificity, and cytotoxicity. Ann Neurol 
32:330, 1992. 

1 1: Zhang JW, Markovic S, Lacet B, RausJ, Weiner H, Hafler 
D: Increased frequency of IL-2 responsive T cells specific 
for myelin basic protein and proteolipid protein in periph- 
eral blood and cerebrospinal fluid of patients with multiple 
sclerosis [Submitted 1993], 
12. Oksenberg J, Panzara MA, Begovich AB, Mitchell D, 
Erlich HA, Murray RS, Shimonkevitz R, Sherritt m' 
Rothbard J, Bernard CC, Steinman L: Selection for i cell 
receptor gene rearrangements with specific- 

ity for a myelin basic protein peptide in brain lesions of 
multiple sclerosis. Nature 362:68, 1993. 
13-. LaSalle M, Tolentino PJ, Freeman GJ, Nadler LM. Hafler 
DA: Early signaling defects in human T cells anergized 
by T cell presentation of autoanugen. J Exp Med 
76:177, 1992. 

14. Sun D. Qin Y, ChlubaJ. Epplen JT, Wekerle H: Suppres- 
sion of experimentally induced autoimmune encephalo- 
myelitis by cytolytic T-T interactions. Nature 332 843 
1988. 

15. Vandenbark AA, Hashim G. Offner H: Immunization 
with a synthetic T cell receptor V-region peptide protects 
against experimental autoimmune encephalomyelitis Na- 
ture 324:258. 1989. 

• 16: Howell MD. Winters ST. Olee T. Powelj HC. Carlo DJ, 
Brostoff SW: Vaccination against experimental encephalo- 
myelitis with T cell receptor peptides. Science 246:668 
1989. 

17. Saruham-Direskeneli G, Weber F. Meinl E. Pette M, 
Giegerich G, Hinkkanen A, Eppien JT. Hohfeld R. Wek- 
erle H: Human T cell autoimmiinity against myelin basic 
protein: CD4 + cells recognizing epitopes of the T cell 
receptor /3 chain from a myelin basic protein-specific T 
cell clone. Eur J Immunol 23:530. 1993. 

18. Holoshitz J, Naparstek Y, Ben-Nun A. Cohen IR: Lines 
of T lymphocytes induce or vaccinate against autoimmune 
arthritis. Science 219:56, 1983. 

19. MaronR.ZerubavelR, Friedman A, Cohen IS- T lympho- 
cyte lines specific for thyroglobulin produce or vaccinate 
against autoimmune thyroiditis in mice. J Immunol 
131:2316, 1983. 

20. Lider O, Reshef T Beraud E, Ben-Nun A, Cohen IR- 
Anti-idiotypic network induced by T cell vaccination 
against experimental autoimmune encephalomyelitis Sci- 
ence 239:181, 1988. 

-2 1 . Lohse AW, Mor F, Karin N, Cohen IR: Control of experi- 
mental autoimmune encephalomyelitis by T cells re- 
sponding to activated T cells. Science 244:820. 1989. 

22. Vandenbark AA. Offner H, Reshef T, Fritz R, Chou CHJ 
Cohen IR: Specificity of T cell lines for peptides of myelin' 
basic protein. J Immunol 135:229. 1985. 



.96 



J. Zhang and J. Raus 



23. Zamvil SS. Nelson PA. MitcheU DJ. et al.: EncephaUto- 
genic T ceU clones specific for myelin basic protein- an 
Sy'Sss" -<^°g-"on. J Exp Med 

24 . Acha-Orbea H. Mitchell DJ. timmermann L. Wraith DC 
Tausch GS. Waldor MK, Zamvil SS, McDevitt Ho' 
bteinman L: Limited heterogeneity of T cell recepton 
trom lymphocytes mediating autoimmune encephalomy- 
1988 ^P^<^'fi<^ immune intervention. CeU 54:263, 

25. KotEin BL. Karuturi S, Cho. YK. L^ferty J. Forrester 
JM Better M, Nedwin GE, Offner H. Vandenbark AA- 
Preferential T-cell receptor /3-chain variable gene use in 
myelin basic protein-reactive T cell clones from patients 

Bsm^ Sn. ^"'^ 

26. Ben-Nun A. Liblau R, Cohen L, Lehmann D. Tourn.er- 
Lasserve E, Rosenzweig A, Zhang JW, Raus JCM. Bach 
MA: Restricted T cell receptor gene usage by myelin 
basic protein-specific T cell clones in multiple sclerosis- 

Z •"'^'^^^"'Js- P'oc Natl Acad 

So USA 88:2466, 1991. 

27. Vandervyver C, ZhangJW. Mertens N, Raus J: Evidence 



for clonal expansion of myelin basic protein-reactive T 
cells in multiple sclerosis: restricted CDR3 sequences of 
T cell receptor variable regions [Submitted 1993]. 

28. ZhangJW, Weiner H, Hafler D: Autoreactive T cells in 
multiple sclerosis. Int Rev Immunol 9:183, 1992. 

29. Hafler D, Cohen IR, Benjamine D, Weiner H: T cell 
vaccination in multiple sclerosis: a preliminary report. CUn 
Immunol Immunopathol 62:307, 1992. ' 

30. Van Laar JM. Miltenberg AMM, Verdonk MJA, Leow A 
Elferink BG, Kluin PH, Daha MR. Cohen IR, de Vries' 
RRP, Breedveld FC: Effects of treatment with attenuated, 
autologous T ceUs in patients with rheumatoid arthritis. 
J Autoimmun 6:159, 1993. 

31. Van Laar JM, Miltenbrug AMM, Verdonk MJA. Leow 
A, Elferink BG, Kluin PH, Daha MR, de Vries RRP, 
Breedveld FC: Activated synovial T cell clones from a 
patient with rheumatoid arthritis induce proliferation of 
autologous peripheral blood-derived T cells. Cell Immu- 
nol 146:71, 1993. 

32. ZhangJW, Medaer R, Stinissen P, Hafler D, Raus J: MHC 
restricted clonotypic depletion of human myelin basic pro- 
tein by T cell vaccination. Science 261:1451, 1993. 



